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bstract

Two pilot-scale trickling filters were used in order to estimate Cr(VI) reduction through biological mechanisms in biofilm reactors operated in
BR mode with recirculation using different filter media types, i.e. plastic media and calcitic gravel. The feed concentrations of Cr(VI) examined
ere about 5, 10, 20, 30, 50 and 100 mg/l, while the concentration of the organic carbon was constant at 400 mg/l, in order to avoid carbon limitations

n the bulk liquid. Maximum reduction rates of 4.8 and 4.7 g Cr(VI)/d were observed for feed Cr(VI) concentration of about 5 mg Cr(VI)/l, for

he filters with the plastic support material and the gravel media, respectively. The reduction rates were significantly affected by the feed Cr(VI)
oncentration in both bioreactors. A dual-enzyme kinetic model was used in order to describe Cr(VI) reduction by aerobically grown mixed
ultures. Model predictions were found to correspond very closely to experimental quantitative observations of Cr(VI) reduction at both pilot-scale
rickling filters used.
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. Introduction

Chromium is one of the most widely used metals in industry
metal finishing, petroleum refining, iron and steel indus-
ries, leather tanning, inorganic chemical production, textile

anufacturing and pulp producing, power plants and nuclear
acilities) resulting in large quantities being discharged into
he environment [1]. Cr(VI) is toxic, carcinogenic and muta-
enic to animals as well as humans and is associated with
ecreased plant growth and changes in plant morphology. In
ontrast, trivalent chromium [Cr(III)] is relatively less toxic, less
obile [2] and even essential to human glucidic metabolism,

ontributing to the glucose tolerance factor necessary for
nsulin-regulated metabolism [3]. The discharge of Cr(VI) to
urface water is regulated to below 0.05 mg/l by the U.S.
PA [4] and the European Union [5], while total Cr, includ-

ng Cr(III), Cr(VI) and its other forms is regulated to below

mg/l.

The conventional remediation processes for soils and wastew-
ter contaminated with Cr(VI) involve physical and chemical
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echnologies. Physico-chemical treatment strategies are, how-
ver expensive and produce secondary waste streams that
equire further treatment. Biological reduction of Cr(VI) using
ndigenous microorganisms offer a new cost-effective and envi-
onmentally compatible technology [6].

A wide variety of bacteria are capable of reducing Cr(VI)
n diverse locations (including natural ecosystems, industrial
nd municipal waste) indicating that Cr(VI)-reducing capabil-
ty is widespread among bacteria [7] under aerobic, anaerobic or
oth conditions [8]. The processes by which the microorganisms
nteract with the toxic metals enabling their removal/and recov-
ry are biosorption, bioaccumulation and enzymatic reduction
9].

The enzymatic mechanisms of bacterial reduction of Cr(VI)
ave been established; Cr(VI) reduction is catalyzed by either
soluble reductase or a membrane-bound protein. The soluble
r(VI) reductase usually utilizes NADH as electron donor for
ecessity or for maximum activity, and Cr(VI) reduction by this
oluble reductase acts as a cometabolism which does not gen-
rate biochemical energy to support cell growth. The activity

f membrane-bound reductase, on the other hand, is probably
espiratory chain linked, and Cr(VI) may be used as a terminal
lectron acceptor under anaerobic conditions [10]. Therefore,
everal researchers have proposed that enzymatic reduction of

mailto:dvagenas@cc.uoi.gr
dx.doi.org/10.1016/j.jhazmat.2006.11.017
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r(VI) is believed to be mediated by enzymes that are not
ubstrate-specific for Cr(VI) and that “chromate reductases”
ight be the serendipitous activity of enzymes with other pri-
ary physiological functions, since Cr(VI) in the environment

s primarily anthropogenic [11].
Modeling of Cr(VI) reduction in biological systems has been

roposed to predict the behavior of bacteria and performance
f bioreactors in reducing Cr(VI). Shen and Wang [10] devel-
ped a model based on enzymatic reaction to characterize the
ate and extent of microbial reduction of Cr(VI) in Escherichia
oli. A finite reduction was proposed and incorporated into the
nzymatic model to regulate the toxicity effect on cells due to
he oxidizing power of Cr(VI). The above model was used to
escribe Cr(VI) biological reduction in a two-stage bioreactor
ystem [12] and Cr(VI) reduction by pure bacterial cultures [13].
he previously described kinetic models were developed based
n enzymatic Cr(VI) reduction by resting cells with concomi-
ant inactivation of viable cells. In continuous-flow systems, new
ells continuously replace inactivated cells and cells washed
way from the reactor.

Nkhalambayausi-Chirwa and Wang [14] developed a model
hich simulates the effects of inhibition and cell inactivation on

emoval kinetics in a Bacillus sp. pure culture biofilm reactor
ystem. The results show that cell removal was critical for the
erformance of the reactor to meet requirements of space for
ew viable Cr(VI) reducing cells in the biofilm, since without
ell removal, the reactor may get overrun by expired cells and
ose the capability to reduce Cr(VI).

Previous modeling on bacterial Cr(VI) reduction has been
ased on a single enzyme kinetic approach for aerobic and anaer-
bic Cr(VI) reduction. The Michaelis–Menten kinetic equation
as been used in some other cases, while other researchers have
odified it to include substrate inhibition [10].
A dual-enzyme kinetic model proposed by Viamajala et al.

7] is based on the assumption that two enzymes are responsible
or Cr(VI) reduction; a fast acting but quickly deactivating, and
slow acting but stable, are responsible for reducing Cr(VI)

o Cr(III) and these enzymatic reactions are simultaneous in a
ystem with a stable cell concentration. Thus, via two parallel
nd independent mechanisms biological Cr(VI) reduction can
e described.

At the present study, the use of mixed aerobically grown
ndigenous cultures, attached on the support media of pilot-scale
rickling filters resulted in Cr(VI) reduction, was examined. The
ffect of feed Cr(VI) concentration on filter efficiency was stud-
ed even for very high Cr(VI) concentrations, up to 100 mg/l.
he dual-enzyme kinetic model was used to simulate biological
r(VI) reduction since experimental observations revealed that
ore than one reduction mechanism took place by aerobically

rown mixed cultures.

. Materials and methods
.1. Media

The influent feed to the bioreactors was prepared by dis-
olving 1 g NH4Cl, 0.2 g MgSO4·7H2O, 0.001 g FeSO4·7H2O,
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.001 g CaCl2·2H2O, 2.5 g CH3COONa·3H2O and 0.5 g
2HPO4 in 1.0 l of tap water.

.2. Reagents

Stock Cr(VI) solution (500 mg/l) was prepared by dis-
olving 141.4 mg of 99.5% K2Cr2O7, previously dried at
03 ◦C for 2 h, in Milli-Q water and diluting to 100 ml.
iphenyl carbazide solution was prepared by dissolving 250 mg
f 1,5-diphenylcarbazide in 50 ml of HPLC-grade acetone
nd was stored in a brown bottle, for Cr(VI) determination.
,5-Diphenylcarbazide was purchased from Fluka Chemical,
otassium dichromate was purchased from Sigma Chemical Co.

.3. Analytical methods

During all experiments, hexavalent chromium concentration,
H, temperature, and dissolved oxygen concentration measure-
ents were made on a daily basis. Samples were filtered through

.45 �m—Millipore filters (GN-6 Metricel Grid 47mm, Pall
orporation). Hexavalent chromium concentration was deter-
ined by the 3500-Cr D Colorimetric method according to
tandard Methods for the Examination of Water and Wastew-
ter [15]. The cell density of liquid culture was determined as
ptical density at 600 nm on a Jasco V-530, spectrophotometer.
he preparation of the enrichment of indigenous bacteria was
escribed in Dermou et al. [16].

.4. Reactor system

Two pilot-scale trickling filters were constructed for biolog-
cal Cr(VI) reduction. The pilot-scale trickling filters consisted
f a Plexiglas tube, 160 cm high and 9 cm i.d. This pilot-filter
eight is typical of a full-scale industrial filter. Since it is the
oadings (hydraulic and chromium) per unit cross-sectional area
hat matter, no scale-up was necessary. Two different support

aterials were used for the experiments. The first type was
ollow plastic tubes, 1.6 cm internal diameter, 3 cm length, spe-
ific surface area 500 m2/m3 and filter porosity 0.8. The second
ype was calcitic gravel, mean diameter 5.5 mm, specific sur-
ace area 1059 m2/m3 and filter porosity 0.4. The depth of the
upport media was about 143 cm in both cases. The working vol-
mes of the reactors after several operating cycles were about
.5 and 3.3 l, respectively. The formation of sediments caused
uctuation on the working volumes of the reactors. Chromate
ediments and excess biomass were removed during the back-
ashing procedure from the entire volume of the reactors. After
ackwashing, the trickling-filters reached a new steady state
ithin 2 h. Elemental analysis of the sediments showed that 44%
f sediment was consisted of organic matter and 56% was con-
isted of chromate sediment, probably Cr(OH)3 (Perkin-Elmer
400 CHNS Analyzer).

At the top of the filter a fixed nozzle distributed the incom-

ng solution evenly to the whole filter surface. The support

aterial was not flooded for flow rates up to 3000 ml/min
r hydraulic loadings up to 680 m3/m2 d. The filter was also
quipped with an underdrain system to collect the treated water
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nd any biological solids that would detach from the media.
long the filter depth there were 10 sampling ports for Cr(VI)

oncentration measurements in the bulk liquid in order to mon-
tor the spatial distribution (homogeneity) of the bulk liquid
oncentration.

The pilot-scale trickling filters were operated at SBR operat-
ng mode with recirculation. The recirculation was necessary
n order to provide sufficient aeration and to obtain com-
letely mixed flow in the bioreactors, since the formation of
hromate precipitates was leading to spatial heterogeneity and
onsequently to insufficient exploitation of the filters. The recir-
ulation stream that was adopted had the value of 2400 ml/min
or both filters, as it was providing efficient filter wetting with-
ut flooding. Throughout all experiments water temperature was
airly constant at about 28 ± 1 ◦C (ambient temperature 26 ◦C).
he pH ranged from 7.2 to 8.87 and the concentration of the
issolved oxygen in the liquid phase was physically maintained
t a near constant level of 4.5 mg DO/l.

.5. Reactors start-up

An inoculum was taken from the previous grown culture [16]
nd a new culture was prepared at 30 mg/l Cr(VI) in a 2 l Erlen-
eyer flask, while sodium acetate (carbon source) was used in

xcess. Samples form this liquid culture was used to inoculate
he bioreactors at the beginning of their operation.

For immobilization of the chromate-reducing bacteria, the
rocedure described in Dermou et al. [16] was followed. The
ilot plants were kept under SBR operation mode with recircula-
ion for several operating cycles, until constant Cr(VI) reduction
ates achieved for the same inlet Cr(VI) concentration.

Before biological filters operation commenced, two experi-
ents were performed: (a) to investigate possible physicochem-

cal Cr(VI) reduction under the specific experimental conditions
nd (b) to test sorption of Cr(VI) in the mixed culture biofilm.

No abiotic physicochemical Cr(VI) removal was observed as
he effluent Cr(VI) concentration reached the influent level and
emained constant, even after the addition of the carbon source
16].

An initial rapid rate of Cr(VI) reduction has been observed
ith other microbial systems and has been attributed to biosorp-

ion [17]. To test sorption of Cr(VI) in the cells, mixed microbial
ultures were washed. Two operating cycles were performed
t about 5 and 30 mg Cr(VI)/l with and without sodium acetate
Fig. 1). Cr(VI) was added in the filters and no significant change
n Cr(VI) concentration was observed even after 4 h of aerobic
peration without sodium acetate addition. Thus, it seems likely
hat biosorption could not be an effective mechanism for Cr(VI)
eduction in our system.

.6. Model description

In order to describe and predict accurately biological Cr(VI)

eduction the dual-enzyme kinetic model of Viamajala et al. [7]
as adopted. Viamajala et al. [18] reported that Shewanella onei-
ensis MR-1 under anaerobic conditions can effectively reduce
r(VI) and in the sequel, the same research group [7] developed

E
t
t

ig. 1. Cr(VI) sorption tests under SBR operation with recirculation at feed
oncentrations of about 5 and 30 mg/l Cr(VI), for different filter media.

nonlinear dual-enzyme kinetic model to simulate the multi-
echanism reduction for a batch reactor, which was developed

o describe Cr(VI) reduction by S. oneidensis MR-1 cultures.
he model is based on the assumption that two enzymes—a fast
cting but quickly deactivating, and a slow acting but stable,
re responsible for reducing Cr(VI) to Cr(III) and the enzy-
atic reactions are simultaneous in a system with a stable cell

oncentration.
The dual-enzyme kinetic model is based on the following

eaction scheme [7]:

r(VI) + Ed → Ed
∗ + Cr∗ (1)

r(VI) + Es → Es + Cr∗ (2)

n the above equations, Ed represents the “deactivating enzyme”
hich reacts rapidly, but is converted to the inactivate form Ed

*,
uring reaction Cr(VI), Es the slower “stable enzyme” that is
ot deactivated by Cr(VI) reduction, and Cr* is the reduced
hromium species that is produced during the enzymatic reac-
ions.

Hossain [19] developed a graphical estimation of the dual-
nzyme kinetic parameters for Cr(VI) reduction and concluded
ith the following equation for a batch reactor:

r = Cr0 −
[
αt + β

γ
(1 − e−γt)

]
(3)

n the above equation, Cr is the Cr(VI) concentration at any time,
r0 the Cr(VI) concentration at time t = 0, α the rate constant for

he stable enzyme, t the time, and β and γ are the rate constants
or the deactivating enzyme. Eq. (3) can be differentiated with
espect to time:

dCr = α + β e−γt (4)

dt

q. (4) represents the governing model equation, is nonlinear,
ime dependent, and “zero” order. Stable-enzyme induced reac-
ion rate is independent of time and proceeds at a constant rate
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f α. Deactivating-enzyme induced reaction rate declines expo-
entially with time with the highest rate β being at the beginning
19].

At the present study, two trickling filters under SBR
perating mode with high recirculation rate were tested for
iological Cr(VI) reduction. This operating mode (absent of
nflow–outflow and high recirculation) ensured completely

ixed conditions for Cr(VI) concentration in the bulk liquid,
verywhere in the filters. Consequently, the reactors considered
perating in batch mode. Based on our experimental observa-
ions, the formation of chromate sediments was very intense
nder all Cr(VI) concentrations tested (5–100 mg/l) and support
edia particles were always heavily coated with Cr(III) precipi-

ates. Therefore, we assumed that Cr(VI) diffusion in the biofilm
as rather rare and enzymatic extracellular reduction in the bulk

iquid was the main mechanism of Cr(VI) reduction.
According to the previous assumptions the problem of mass

ransfer and diffusion of Cr(VI) in the filters is simplified to the
roblem of biological Cr(VI) reduction in a suspended growth
atch reactor with the same working volume.

. Experimental results

Aerobically grown mixed cultures were exposed to six differ-
nt Cr(VI) concentrations of about 5, 10, 20, 30, 50 and 100 mg/l,
hile the concentration of the organic carbon was constant at
00 mg/l, in order to avoid carbon limitations in the bulk liquid.
xperimental results (Figs. 2 and 3) demonstrated that there was
rapid initial Cr(VI) reduction that diminished within the first
inutes of the process and seemed to be dependent of the ini-

ial Cr(VI) concentrations tested (5–100 mg/l Cr(VI)), while this

eliance seems to be stronger for the smaller initial concentra-
ions (5–20 mg/l Cr(VI)). The rapid initial rate was followed by
secondary Cr(VI) reduction rate that was slower and almost

onstant through the remainder of the experiments. This type

ig. 2. Cr(VI) reduction under SBR operation with recirculation for the filter
ith the gravel support media at feed concentration of about 5, 10, 20, 30, 50

nd 100 mg/l Cr(VI).
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ig. 3. Cr(VI) reduction under SBR operation with recirculation for the filter
ith the plastic support media at feed concentration of about 5, 10, 20, 30, 50

nd 100 mg/l Cr(VI).

f reduction is in agreement with observations of Viamajala
t al. [11]. At all six different concentrations tested at both
ilot-plants, Cr(VI) was reduced completely by the mixed aero-
ically grown culture. Cr(VI) reduction profiles, as mentioned,
n our studies show that the time interval for complete Cr(VI)
eduction depends strongly on the initial Cr(VI) concentration
Figs. 2 and 3). The smaller the concentration tested, the smaller
he time required for complete Cr(VI) reduction.

Based on the above observations we used the dual-enzyme
inetic model proposed by Viamajala et al. [7] and enhanced
y Hossain [19] in order to describe Cr(VI) reduction by the
erobically grown mixed cultures. The kinetic parameters α, β

nd γ were estimated using the OriginPro 7.0 (nonlinear curve
tting tool), by identifying optimal values of α, β and γ using a
evenberg–Marquadt least-squares algorithm.

.1. Experimental results and model simulations

The data points on the graphs represent average values of trip-
icate experiments. Kinetic parameters were estimated from each
xperimental data set. Model runs for the pilot-scale trickling
lters are shown as the solid lines in Figs. 2 and 3.

Figs. 2 and 3 present experimental and predicted profiles
f Cr(VI) reduction regarding the time required for com-
lete Cr(VI) reduction. Six different feed Cr(VI) concentrations
xamined for the filter filled with gravel media and for the filter
lled with plastic media, respectively. It is obvious that model
ts correspond very closely to experimental observations, and

hat Cr(VI) reduction depends strongly on the initial concen-
ration forced at the system for both pilot-scale trickling filters.
owever, the filter filled with gravel media presented complete
r(VI) reduction under smaller time intervals. Since enzymatic

r(VI) reduction takes place mainly in the bulk liquid, the above
bservation was rather expected due to the smaller working vol-
me of the reactor compared to the equivalent time intervals for
he filter filled with plastic media.
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Fig. 6. Rate constant for the deactivating enzyme induced reaction rate (γ) for
the filters filled with gravel and plastic media.
ig. 4. Rate constant for the stable enzyme induced reaction rate (α) for the

lters filled with gravel and plastic media.

Following figures (Figs. 4–6) present the values of the
ate constants for the stable enzyme induced reaction rate α

mg l−1 h−1), and the values of the rate constants for the deac-
ivating enzyme β (mg l−1 h−1) and γ (h−1). These parameter
alues were computed based on the methodology outlined in the
receding section for the various Cr(VI) concentration tested for
he pilot-scale trickling filters used.

The rate constant for the stable enzyme induced reaction
ate, α, for the filter filled with gravel, can be described by a
igmoid equation (Fig. 4), while the rate constant for the deac-
ivating enzyme induced reaction rate, β, can be described by a
inear equation (Fig. 5). The rate constant, γ , declines exponen-
ially with an increase of the initial Cr(VI) concentration in the
rickling filter (Fig. 6).

Respectively, the rate constant for the stable enzyme induced

eaction rate, α, for the filter filled with plastic media, can be
escribed by a third order polynomial equation (Fig. 4), while
he rate constant for the deactivating enzyme induced reaction

ig. 5. Rate constant for the deactivating enzyme induced reaction rate (β) for
he filters filled with gravel and plastic media.
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ig. 7. Cr(VI) reduction rates under SBR operation with recirculation at various
r(VI) concentrations for both pilot-scale trickling filers.

ate, β, can be described by a linear equation (Fig. 5). The rate
onstant, γ , declines exponentially with an increase of the initial
r(VI) concentration in the trickling filter (Fig. 6).

Fig. 7 presents Cr(VI) reduction rates obtained from SBR
peration with recirculation in trickling filters operating with
oth gravel and plastic media.

. Discussion

Kinetic parameters were estimated from each experimental
ata set for each bioreactor separately. The rate constants for the
eactivating enzyme induced reaction rate incurred the same
hanges for both bioreactors as the feed Cr(VI) concentration
ncreased. The rate constant β can be described by a linear

xpression for both pilot-scale trickling filters, while the val-
es are similar for both bioreactors (Fig. 5). The rate constant γ

eclines exponentially for both pilot-scale trickling filters, while
he values are greater (one order of magnitude) for the filter filled
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ith gravel media compared to those of the filter with plastic
edia (Fig. 6). The above observation led to the conclusion that

he deactivating enzyme is becoming inactive faster for the fil-
er filled with gravel media. The smaller void space between
he gravels and the sediments formation restrain the working
iquid volume, thus resulting in limitation of the deactivating
nzyme reductive effect. This conclusion is in agreement with
he experimental observations.

The rate constant for the stable induced reaction rate α

ncreases as feed Cr(VI) concentration is raised to the value
f 50 mg/l for the filter filled with gravel media. Upon this con-
entration value the rate constant becomes steady. It seems that
he stable enzyme induced reaction rate for the gravel media
resents a finite reduction capacity, while the equivalent rate
onstant, for the plastic media, has not reached any finite capac-
ty for the concentrations tested (Fig. 4). The above observation
esults from the different features of the support materials. Plas-
ic media offer less specific surface area but filter’s porosity is
ncreased (double than gravel). Sediment formation and deposi-
ion have a better distribution through the entire volume of the
lter. The working liquid volume in which enzymatic reaction
ainly takes place is greater, due to the increased void space

eading to greater values obtained for the rate constant of the
table induced reaction rate, since the reaction/reduction activity
emains unhindered for prolonged time intervals.

It should be noted that in previous works [7,11,18,19] where
he dual-enzyme model was applied the values of the kinetic
arameters were considered as mean values since experiments
ere performed for a very narrow range of concentrations. It is

he first time that well defined experiments were performed for
uch a wide range of Cr(VI) feed concentrations (5–100 mg/l)
nd the behavior of the kinetic parameters has been described
ccordingly.

The type of the support media determines the working volume
f the wastewater to be treated and is the surface to which the
icroorganisms can become attached. The use of an attached

rowth system provides the necessary surface for the devel-
pment of biofilm structures. Biofilms provide high biomass
oncentration per unit volume, while bacteria can remain in
he reactor for unlimited time, thus allowing the bacteria better
djustment to the environmental conditions.

Specific surface area is another parameter affected drastically
y the type of the support media. Gravel offers higher spe-
ific surface area but lower working wastewater volume. Biofilm
evelopment is limited by the reduced void space between the
ravels while pore clogging tends to be a crucial problem. Plastic
edia offer less (half than the gravel) specific surface area but the
astewater working volume is increased (double than gravel).
he increased void space allows the development of very thick
iofilm formations. In addition, sediment formation and depo-
ition have a better distribution through the entire volume of the
lter leading to high chromate reduction rates. Pore clogging was
ather rare in the filter with the plastic media and consequently

lter operation was uninterrupted for longer periods.

The use of two different support materials led to similar filter
erformances under SBR operation with recirculation (Fig. 7).
lastic media showed slightly better performance compared to

A

S

rdous Materials 145 (2007) 256–262 261

ravel media. The use of plastic media diminishes operating dis-
urbances during industrial applications, since the plastic media
nables the growth of a thicker biofilm layer and avoids pore
logging. That makes plastic media preferable towards gravel
edia for industrial use.
It can been seen that the efficiency of the reduction rates

iminish while increasing the initial Cr(VI) concentration at
he bulk liquid. Particularly, the reduction rates for the plas-
ic media achieved were 4.8 ± 0.02, 3.8 ± 0.009, 3.6 ± 0.02,
.4 ± 0.03, 3.2 ± 0.02 and 2.9 ± 0.01 g Cr(VI)/d, for feed con-
entrations of Cr(VI) of about 5, 10, 20, 30, 50 and 100 mg/l,
espectively, while for the gravel media the corresponding rates
ere 4.7 ± 0.02, 3.7 ± 0.02, 3.5 ± 0.06, 3.3 ± 0.04, 3 ± 0.06 and
.7 ± 0.07 g Cr(VI)/d. However, the reduction rates that were
ccomplished are among the greatest ever reported in literature
13,20].

. Conclusions

Biological Cr(VI) reduction was proved efficient with the
se of pilot-scale attached growth bioreactors and indigenous
acterial population, which was grown aerobically with sodium
cetate as the sole electron donor. The main conclusions from
his work are:

Experimental results clearly demonstrated that Cr(VI) reduc-
tion depends strongly on the initial Cr(VI) concentration for
both support materials tested. An increase of the feed Cr(VI)
concentration decreases the reduction rates of the filters.
The operation of two pilot-scale bioreactors under SBR mode
with recirculation can be described by a nonlinear dual-
enzyme kinetic model.
Experimental results indicated the presence of (a) a rapid
enzymatic mechanism that is deactivating during Cr(VI)
reduction, and (b) a slower enzymatic mechanism that remains
active during Cr(VI) reduction, which is consistent with pre-
vious studies [7,11,18,19].
Model fits were found to correspond very closely to experi-
mental observations for a wide range of Cr(VI) concentrations
(5–100 mg/l) under aerobic conditions for both pilot-scale
trickling filters used.
Kinetic parameters of the dual-enzyme model were estimated
for a wide range of Cr(VI) concentrations tested and proved
to be seriously affected from the feed concentration.
The mathematical model applied could be an excellent tool
for the prediction of Cr(VI) reduction from industrial effluents
and the design of corresponding treatment plants.
Plastic media with high porosity proved to be more efficient
for industrial applications than gravel media.
SBR operation with recirculation for the filter with plas-
tic support media led to significant reduction rates up to
4.8 g Cr(VI)/d.
cknowledgment
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